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ABSTRACT 
The reduction of less stable ferric hydroxides and formation of ferrous phases is critical for the fate of phosphorus in 
anaerobic soils and sediments. The interaction between ferrous iron and phosphate was investigated experimentally 
during the reduction of synthetic ferrihydrite with natural organic materials as carbon source. Ferrihydrite was readily 
reduced by dissimilatory iron reducing bacteria (DIRB) with between 52% and 73% Fe(III) converted to Fe(II) after 31 
days, higher than without DIRB. Formation of ferrous phases was linearly coupled to almost complete removal of both 
aqueous and exchangeable phosphate. Simple model calculations based on the incubation data suggested ferrous phases 
bound phosphate with a molar ratio of Fe(II):P between 1.14 - 2.25 or a capacity of 246 - 485 mg·P·g
−1 Fe(II). XRD 
analysis indicated that the ratio of Fe(II): P was responsible for the precipitation of vivianite (Fe3(PO4)2·8H2O), a domi-
nant Fe(II) phosphate mineral in incubation systems. When the ratio of Fe(II):P was more than 1.5, the precipitation of 
Fe(II) phosphate was soundly crystallized to vivianite. Thus, reduction of ferric iron provides a mechanism for the fur-
ther removal of available phosphate via the production of ferrous phases, with anaerobic soils and sediments potentially 
exhibiting a higher capacity to bind phosphate than some aerobic systems. 
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1. Introduction 
Phosphorus is essential for life and is increasingly the 
limiting nutrient in some ecosystems, as nitrogen pollu- 
tion becomes widespread [1]. In soils and freshwater se- 
diments, the fate and mobility of phosphorus may be 
controlled by iron geochemistry, through sorption and 
desorption, co-precipitation and dissolution with both 
ferrous (Fe(II)) and ferric (Fe(III)) minerals. Whilst sorp- 
tion of phosphorous to ferric phases such as ferrihydrite 
(Fe5O6(OH)9) tends to occur under aerobic conditions, 
ferrous iron phases are among the most important com- 
ponents to react with phosphate in anaerobic environ- 
ments. During the development of anaerobic soil and se- 
diment environments, the concentration of aqueous pho- 
sphate may increase, due to the reductive dissolution of 
ferri-phosphate phases [2]. However, it has been shown 
that the capacity of soils and sediments to bind phosphate   
is substantially increased under anaerobic conditions, ge- 
nerally attributed to the formation of ferrous phases [3-7]. 
The disagreement regarding iron phases binding phos- 
phate in complex environments, no doubt makes it im- 
portant to understand how ferrous iron phases react with 
phosphorus. 
The production of ferrous iron phases in soils and se- 
diments is complex, with both chemical and biological 
controls. Reduction of ferric (hydro) oxides may be cat- 
alysed by dissimilatory iron reducing bacteria (DIRB) via 
electron transfer during heterotrophic metabolism [8,9]. 
The production of ferrous iron and new ferrous minerals 
however, is dependent on desorption from the surface of 
the original ferric iron mineral [10-14]. Ferric (hydro) 
oxide reduction then is dependent on redox, organic car- 
bon supply, and the amount and reactivity of ferric pha- 
ses; the new ferrous phases that form will further be de- 
pendent on the surrounding chemistry, including the pre- 
sence or absence of phosphate [15,16]. It can be pre- 
dicted that products from ferric (hydro) oxide reduction 
in the environment should be a mixture of ferrous phases 
*This work was supported by the National Natural Science Foundation 
of China (No. 40730528 and 40873061). 
#Corresponding authors. 
C o p y r i g h t  ©  2 0 1 2  S c i R e s .                                                                                   IJG Q. M. LI    ET  AL.  315
with different proportion. 
Ferrous iron may act to decrease the concentration of 
aqueous phosphate by sorption. Under non-sulfidogenic 
anaerobic conditions, vivianite (Fe3(PO4)2·8H2O, Ksp 10 - 
35.8), a stable ferrous mineral may be formed with pho- 
sphate incorporated in 1.5:1 molar ratio of Fe(II):P [17, 
18]. However, field observations have shown that the 
reduction of soils and sediments is coupled with raised 
aqueous phosphate, suggesting vivianite formation may 
be subject to other controls. Other ferrous minerals may 
also bind phosphate, including siderite (FeCO3) [19], and 
mixed valence iron phases such as green rust   

x 2
x2 2 Ay H O
    
x II III
6x x 12 Fe Fe OH

    and  magnetite 
(Fe3O4) [20]. 
The potential for ferrous iron phases produced under 
reducing conditions to bind phosphate is poorly defined. 
This work describes laboratory experiments that simulate 
the anaerobic environment in order to study the fate of 
phosphate during microbial reduction of ferrihydrite, and 
creates a simple model of phosphate binding. Ferrihy-
drite was used as a model of less stable ferric hydroxides 
to act as electron acceptor for DIRB under controlled 
conditions. Ferrihydrite readily interacts with phosphate 
either by surface adsorption or by co-precipitation with 
reported sorption maxima for phosphate of 0.6 - 2.5 
mmol·g
−1 [19,21-23], greatly larger than those of other 
crystalline ferric oxides [24-27]. Importantly, ferrihydrite 
is considered ubiquitous and highly reactive in soil and 
sediment environments, and may be preferentially re- 
duced by bacteria to form a range of ferrous phases [28]. 
2. Materials and Methods 
2.1. Preparation of Materials 
Ferrihydrite (Fe5O6(OH)9) was prepared by titrating 0.5 
M NaOH into a FeCl3 solution until a final pH appro- 
aching 7.0, followed by dialysis as described by Atkin- 
son et al. [29]. Analysis of transmission electron micros- 
copy (TEM) and X-ray diffraction confirmed the precipi- 
tate as ferrihydrite, which was kept in suspension until 
use in the experiment. 
Nutrient solutions  used for the enrichment of DIRB 
were prepared according to an adaptation of Lovley and 
Philips  [30]. Two nutrient solutions were prepared: 1) 
composed of (g·L
−1): CaCl2·2H2O, 0.1; KCl, 0.1; NH4Cl, 
1.5; NaH2PO4·H2O, 0.6; NaCl, 0.1; MgCl2·6H2O, 0.1; 
MgSO4·7H2O, 0.0937; MnSO4·H2O, 0.0043; (NH4)6Mo7O24, 
0.0008; yeast juice, 0.05; NaOOCCH3·3H2O, 4.48; and 2) 
composed of (g·L
−1): CaCl2·2H2O, 0.1; KCl, 0.1; NH4Cl, 
1.5; NaH2PO4·H2O, 0.6; suspended organic material (see 
below). 
Three natural organic materials were chosen as carbon 
source for DIRB: Lemna trisulca (L. trisulca); Microcys- 
tis flos-aquae (M. flos-aquae); and Vallisneria natans (V. 
natans). These were sampled from Yuehu Lake and Di- 
anchi Lake, China, rinsed with deionised water and dried 
and ground to fine a powder (<50 m). A stock of sus- 
pended organic material was prepared by adding 3 g of 
dry powder to nutrient solution 2 until all organic par- 
ticles had sunk to the bottle bottom, and diluted to 1 L. 
The composition of the suspended organic material is 
given in Table 1 (carbon content is equal for all species). 
Fresh anaerobic sediment (sampled from the Yuehu 
Lake, Wuhan, China) was transferred into a brown bottle, 
diluted with culture solution 1) and anaerobically incu- 
bated in the dark at 28˚C ± 0.5˚C for 30 d with occa- 
sional stirring. A sub-sample of the anaerobic sediment 
suspension was used for enrichment of DIRB after sepa- 
ration by centrifugation. 50 mL of the supernatant was 
diluted with culture solution 1) containing ferrihydrite (to 
a final concentration of ~15 mmol·L
−1 Fe(III)), and fur- 
ther incubated in the dark at 28˚C ± 0.5˚C for 30 d. This 
purification was repeated 16 times in order to generate 
the DIRB suspension. Before its use in experiments, the 
DIRB suspension was adjusted to neutral pH using 
NaOH, and sparged with N2 for 1 h. 
To protect the DIRB suspension from infection, all 
equipment and solutions used in its preparation were 
sterilized at 120˚C for 30 min and handled using aseptic 
technique. Using this approach, the final suspension was 
enriched in DIRB, but was not a pure culture and would 
also have contained other microbial groups. 
2.2. Experiment Design 
Before the experiment began, the suspensions of organic 
material were mixed with ferrihydrite to obtain a culture 
medium, and left for 24 h to allow the sorptive reaction 
of ferrihydrite with phosphate to reach equilibrium. To 
inoculate the experiments, 5 mL DIRB suspension was 
added to 1 L culture medium and incubated in the dark at 
28.0˚C ± 0.5˚C. In order to avoid overpressure in the 
incubation bottles (from CO2 production), a fine plastic 
tube was attached to the bottle mouth and fed into oxygen- 
free water. Each experiment was conducted in triplicate.   
The procedure for experimental controls was the same; 
the suspensions of organic material were mixed with 
ferrihydrite as above, but not inoculated with DIRB.   
Incubations were sampled at regular intervals via nee- 
 
Table 1. Composition of organic material used in culture so- 
lutions. 
P          N         F e        C a
2+ 
Organic C source 
  mg·g
−1 DW   
L. trisulca  4.96 8.44 0.21 0.70 
V. natans  3.23 5.3 0.27  0.46 
M. flos-aquae  1.25 14.8 0.38 0.67 
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dle and syringe, and analysed for pH, phosphate fractions 
(aqueous, exchangeable, incorporated) and iron fractions 
(Fe(II), Fe(III)). 
2.3. Analyses 
Phosphate was operationally fractionated into 3 phases: 
aqueous phosphate ( 4 ), exchangeable phosphate 
(loosely sorbed P) and total bound phosphate (total P in 
solid phases). Aqueous phosphate was determined after 
filtration (0.45 m membrane). Exchangeable phosphate 
(Pex) was extracted in 0.5 M KCl for 30 min and filtered 
(0.45 m membrane); the phosphate in the filtrate is re- 
garded as the sum of exchangeable and aqueous phos- 
phates. Total bound phosphate (TPB) was obtained through 
subtracting the sum of aqueous phosphates from total 
phosphorus. Total phosphate was determined after H2SO4 
+ H2O2 digestion. 
3 PO

3 PO

3 PO
Filtered phosphate samples were determined by the 
molybdenum blue method with ascorbic acid as reducing 
agent. 
Total iron was determined after hot HCl extraction by 
spectrometry (722, Shanghai Analytical Instrument) us-
ing 10% hydroxylamine HCl as reductant and 2% 2,2’- 
dipyridine as chromogenic reagent. Fe(II) was deter-
mined by elimination of the reduction step, and addition 
of ammonium fluoride to prevent Fe(III) interference. 
At the end of the experiment, the solid phases were 
characterized by X-ray diffraction (XRD) analysis of N2- 
dried samples using a Philips PW1050 X-ray diffracto- 
meter (using CuK radiation, with scans taken from 4˚ to 
64˚ at a scan rate of 2˚/min). 
The pH values of incubation suspensions were meas-
ured using glass electrode with a calomel electrode as re- 
ference electrode (pHS-3C meter, Xinkong Medical Ap- 
paratus Co., Ltd., Jiangyan, China). 
Data analyses (average, standard deviation) and statis- 
tical analyses (correlation coefficients) were conducted 
in this study. The regression diagnostics were checked by 
F-test, and a p < 0.05 was considered to indicate signifi- 
cance. 
3. Results 
Chemical data from the incubation experiments are shown 
in Figure 1. The production of Fe(II) in all the incubation 
experiments showed that conditions remained anaerobic 
and reducing throughout. 
In the DIRB experiments, Fe(II) production was rela-
tively rapid in the first 20 days (increase of >480 mg·g
−1 
Fe). The constant rate of Fe(II) production was consistent 
among all live experiments (26.12 mg·g
−1·Fe·d
−1 for L. 
trisculca, 23.36 mg·g
−1·Fe·d
−1 for M. flos-aquae and 
22.54 mg·g
−1·Fe·d
−1 for V. natans), before approaching 
equilib- rium between 20 and 31 days. Fe(II) production 
was de- pendent on carbon source with the order of L. 
trisculca > M. flos-aquae > V. natans equivalent to 73%, 
53% and 52% of total Fe respectively. In the control ex-
periments Fe(II) production was much less (<250 
mg·g
−1·Fe), respectively equivalent to 31%, 21% and 
14% of total Fe, with the order relative to carbon source 
the same as for the live experiments. Reduction of Fe(III) 
(ferrihydrite) to Fe(II) was clearly enhanced by the pres-
ence of live DIRB during the experiments, although some 
chemical reduction may also have taken place (as indi-
cated by controls) [31]. 
Aqueous phosphate ( 4 ) and exchangeable phos-
phate (Pex) decreased rapidly over the first 20 days (from 
~70 mg·L
−1· 4
  and ~80 mg·g
−1·Fe Pex), and were 
almost completely removed by 31 days in all DIRB incu-
bations. The rate of removal was remarkably similar be-
tween experiments, with some difference in initial P con-
centrations dependent on the P content of the original 
organic material (Table 1). There was some removal of 
aqueous and exchangeable P in the control experiments, 
although this was approximately half that of the live ex-
periments (removal of <20 mg·L
−1· 4  and  <40 
mg·g
−1·Fe Pex) and did not approach zero. As both P frac-
tions decreased during the incubations, it was clear that 
aqueous P was not being removed by sorption (and trans-
formed to Pex), but was bound as mineral P. This was true 
for both DIRB and control experiments, albeit at a lesser 
rate in the absence of DIRB. 
3 PO

Aqueous Fe tended to increase over incubation time. In 
the DIRB experiments, aqueous Fe slowly increased in 
the initial 10 day incubation, but abruptly rose after that, 
with the highest concentration in a range between 20 - 40 
mg·L
−1. In the control experiment, aqueous Fe tended to 
increase continuously, with the final concentration largely 
dependent on the type of organic materials. To combine 
the decrease of aqueous P at the later period of experi-
ments, the raise of aqueous Fe should be a result of aque-
ous P consumption in the DIRB experiments. 
4. Discussion 
The inverse relationship between ferrous iron production 
and aqueous and exchangeable P removal in the incuba- 
tion experiments suggested a single control on Fe and P 
geochemistry. Reduction of ferric iron was coincident 
with the production of ferrous iron phases and precipita- 
tion of phosphorous. This was enhanced in the presence 
of DIRB. While the proportion of Fe(III) was high (at the 
start of the experiment), <75% of total phosphorous was 
either aqueous or exchangeable, but under reducing con- 
ditions, the production of Fe(II) induced precipitation of 
nearly all aqueous and exchangeable phosphorous, pre- 
sumably as a ferrous iron phase. This was contrary to 
some literatures [4], which suggests that ferric iron re-  
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Figure 1. Production of ferrous iron (Fe(II)) and removal of aqueous phosphate (
3
4 PO
   and exchangeable phosphorous (Pex) 
during anaerobic incubation of ferrihydrite in the presence of phosphorous and organic material. Initial total Fe(III) in in- 
cubation systems was 680 mg·L
−1; initial phosphate in incubation systems was 172 mg·L
−1 (L. trisulca), 140 mg·L
−1 (M. flos- 
aquae) and 157 mg·L
−1 (V. natans); the data are mean values of triplicate incubations. 
 
duction should be coupled to the release of sorbed phos- 
phorous and increase of aqueous phosphate. Indeed, it 
was important to note that this closed experimental sys- 
tem might behave differently to the natural environment; 
however, it was clear that the production of ferrous 
phases might be more important in P geochemistry than 
previously realised.   
The reduction of ferric (hydro) oxides to ferrous iron is 
thought to be limited by the accumulation of ferrous iron 
at the surface of the original (hydro) oxides [14]. In these 
incubation experiments, 52% - 73% Fe(III) was reduced 
to Fe(II), suggesting the minimal influence of accumu-
lated Fe(II) at the surface of ferrihydrite. It was possible 
that the presence of organic ligands might have aided 
complexation and removal of ferrous iron from the min-
eral surface [31]. However, it was further likely that the 
removal of ferrous iron by precipitation with aqueous 
and exchangeable P provided a mechanism by which iron 
reduction could continue unchecked. Indeed, the reduc-
tion of Fe(III) (and accumulation of Fe(II)) effectively 
ended once exchangeable and aqueous P had been com-
pletely removed (change in rate of Fe(II) accumulation 
and P removal after 20 days, Figure 1). 
The reduction of ferrihydrite to ferrous iron in the 
presence of aqueous and exchangeable phosphorous ap- 
peared to have promoted the precipitation of ferrous iron 
phosphate. To describe the mode of ferrous phases to 
bind phosphate, we proposed a simple model. This re- 
quired the following assumptions: 1) the interaction of 
ferrous iron phases with phosphate was independent of 
the presence of ferrihydrite, and vice versa; 2) the distri-
bution of phosphate in both ferrihydrite and ferrous iron 
phases was homogeneous; 3) there was sufficient phos- 
phate to interact with iron phases. Then, the following Q. M. LI    ET  AL.  318 
relationships are given: 
PBFe(III)    mFe(III)              ( 1 )  
PBFe(II)    mFe(II)               ( 2 )  
where PBFe(III) and PBFe(II) represent phosphate bound to 
ferrihydrite and ferrous iron phases respectively, and 
mFe(III) and mFe(II) represent the quantities of ferrihydrite 
and ferrous iron phases in the incubations. 
The total phosphate bound (TPB) is expressed as: 
TPB = PBFe(III) + PBFe(II)           ( 3 )  
We operationally define that: 
PBFe(III) = KFe(III)*mFe(III)           ( 4 )  
PBFe(II) = KFe(II)*mFe(II)            ( 5 )  
in which the constants of KFe(III) and KFe(II) refer to the 
unit capacity of ferrihydrite and ferrous iron phases to 
enrich solid phase phosphate respectively. Substituting 
Equations (4) and (5) into (3) gives: 
TPB = KFe(III)*mFe(III) + KFe(II)*mFe(II)      ( 6 )  
If the total iron in a incubation system is given as m and 
the produced Fe(II) is mFe(II), Fe(III) (mFe(III)) can be ob-
tained by subtracting: 
mFe(III) = m  −  mFe(II)             ( 7 )  
Combining Equation (6) with Equation (7) gives: 
TPB = (KFe(II) − KFe(III))* mFe(II) + KFe(III)*m    ( 8 )  
Equation (8) showed a linear relationship between TPB 
and mFe(II). The constants of KFe(II) and KFe(III) could then 
be calculated through the slope and intercept of a linear 
curve. 
As the simple model prediction, our experimental data 
described a linear dependence of bound P on Fe(II) in all 
incubations (Figure 2, r
2 ~ 0.95 given in Table 2) and 
showed that iron reduction could enrich P in the solid 
phase. Table 2 showed the capacity of ferrihydrite and 
ferrous iron to bind P, the latter having a greater potential   
 
 
Figure 2. Dependence of phosphorous binding (TPB) on production of Fe(II) (mFe(II)) during incubations. Data in (a) and (b) is 
respectively from DIRB and control experiments. 
 
Table 2. Model derived P-binding capacities for Fe(II) and Fe(III) solid phases in incubations. 
Organic C source
 a Fitted graph mFe(II) v TPB  R
2 
bK Fe(III) 
mg·g
−1 
cFe(III):P 
bK Fe(II) 
mg·g
−1 
cFe(II):P 
DIRB TPB = 0.187 mFe(II) + 87.15  0.95
* 87.2  6.35 274 2.02 
L. trisulca 
CK TPB = 0.303 mFe(II) + 77.09  0.98
* 77.1  7.18 380 1.46 
DIRB TPB = 0.183 mFe(II) + 90.84  0.95
* 90.8  6.10 280 2.00 
V. natans 
CK TPB = 0.408 mFe(II) + 77.70  0.97
* 77.7  7.12 485 1.14 
DIRB TPB = 0.163 mFe(II) +85.27  0.94
* 85.3  6.49 257 2.15 
M. flos-aquae 
CK TPB = 0.157 mFe(II)+ 89.20  0.93
* 89.2  6.21 246 2.25 
aIncubation data (Figure 2). TPB = total bound phosphorous; mFe(II) = produced Fe(II); 
bModel derived constant (Equation (6)); 
cMolar ratio; 
*Significance level 
P < 0.05. 
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Figure 3. XRD trace of products of ferrihydrite reduction in the presence of phosphate. (a) and (c) samples taken from V. 
natans DIRB and control experiments after 31 days; (b) sample taken from L. trisulca control experiment after 31 days. 
 
(77.1 - 90.8 mg·P·g
−1 Fe(III) compared to 246 - 485 
mg·P·g
−1 Fe(II)). The binding capacity of ferrihydrite in 
these experiments was higher than those reported in other 
works [19,23], most likely due to dialyzation during fer-
rihydrite preparation and precipitation of Ca-P on the 
surface of ferrihydrity, yet this was still exceeded by the 
binding capacity for ferrous iron. This difference was 
probably owed to the mechanism by which P is bound to 
the ferrihydrite and ferrous iron. According to the calcu-
lated constants KFe(III) and KFe(II), the Fe:P molar ratio was 
6.10 - 7.18 for ferrihydrite and 1.14 - 2.25 for ferrous 
phases. This supported the assumption that ferrihydrite 
binds phosphorous by sorption or co-precipitation [21, 
22]. 
The molar ratio for Fe(II):P of ~2, was slightly higher 
than the stoichiometry for the ferrous iron phosphate 
mineral, vivianite (Fe3(PO4)28H2O); XRD analysis con-
firmed vivianite was perfectly crystallized (Figure 3(a)). 
The slightly higher Fe(II):P value for the incubations 
suggested not all produced Fe(II) formed vivianite. This 
might be due to sorption of Fe(II) on ferrihydrite surfaces, 
or the formation of mixed phase intermediates during 
iron reduction, such as magnetite. The XRD trace also 
suggested small amounts of other ferrous iron minerals 
(not identified) were present, despite a predominance of 
vivianite. For Fe(II):P approximate to vivianite, product 
analysis indicated a part of vivianite began forming (Fi- 
gure 3(b)), but crystalline degree was obviously lower 
than Fe(II):P of ~2, suggesting the formation of vivianite 
needs sufficient Fe(II). This inference could be supported 
by the XRD trace of the ~1 Fe(II):P products, in which 
vivianite was not detected (Figure 3(c)). The result also 
suggested that not all Fe(II) interacting with phosphate 
produced vivianite even in the presence of high concen-
tration P. 
5. Conclusion 
This work showed the potential for anaerobic soils and 
sediments to exhibit a higher capacity to bind phosphate 
than aerobic soils and sediments because of the produc- 
tion of ferrous phases, with vivianite a dominant product 
of iron reduction in the production of sufficient Fe(II). It 
was likely that in the natural environment, local geo- 
chemistry would further influence the stability of ferrous 
iron-phosphate phases. Production of organic ligands or 
sulphides in some systems for instance might lead to 
Fe(II) complexation or iron sulphide precipitation, thus 
limiting ferrous iron-phosphate, and potentially increas- 
ing aqueous phosphate. Further work was needed to de- 
termine the importance of ferrous iron-phosphate in Fe 
and P cycles, but it was clear that interactions between 
Fe(II) and P have a powerful influence on the in situ re- 
gulation of phosphorous bio-availability. 
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